We use density-functional theory calculations to qualitatively explore the effects of fourfold-coordinated vacancy ͑V 4 ͒ and interstitial ͑I 4 ͒ clusters on optical absorption spectra in crystalline Si ͑c-Si͒ under selected conditions of biaxial strain ͑ = −3, 0, and 3%͒. While both native defect clusters enhance c-Si absorption by redshifting the absorption edge, we observe additional enhancement from biaxial strain. Increased strain magnitude tends to increase the absorption enhancement effect, but the optimal sign of strain exhibits a complementary relationship: compressive strain most effectively enhances V 4 absorption, while tensile strain most effectively enhances I 4 absorption. The absorption redshift as a function of strain correlates well with effective bandgap reduction, including the appearance of an intermediate band under certain conditions ͑ = −3 and 0%͒ for V 4 . Our results suggest that manipulation of native defect distributions and their strain fields can be used to engineer the Si absorption spectra. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3511714͔ All rights reserved.
Improvement in the net efficiency of crystalline Si ͑c-Si͒ solar cells has been impeded by intrinsic properties including low absorption and a bandgap ͑E g ͒ precluding photogeneration of carriers in the infrared. Low optical absorption inflates solar module cost by requiring thick substrates ͑ϳ100 m͒ 1 and has consequently generated strong interest in derivative thin film materials, such as hydrogenated amorphous Si ͑a-Si:H͒, 2 which significantly reduce the requisite substrate thickness ͑ϳ1 m͒ 1,3 through a serendipitous redshift of the absorption coefficient that accompanies disintegration of long range order. Other techniques to improve c-Si absorption include transition metal doping to create intermediate bands ͑IBs͒ ͑Ref. 4 and 5͒ and growth of Si nanowire arrays that promote broadband absorption. 6 Optical methods 1 provide a non-destructive means of semiconductor characterization because optical properties are derived from electronic structure. Variations in phase 3 and defect-content 7, 8 of Si produce significant changes in the optical absorption spectra, which suggests the plausibility of defect engineering 9 the spectra through structural manipulation. While c-Si absorption 10 is negligible below the 1.11 eV experimental bandgap, 11 Si absorption at lower energies is attainable through the participation of band tail extended states ͑Urbach region͒ or at even lower energies in the presence of localized defects, such as native defect clusters, that can generate states near the Fermi level. 7 The recent theoretical work of Pan et al. 12 elucidates an atomistic topological relationship connecting short ͑long͒ Si-Si bonds with valence ͑conduction͒ band character in the electronic structure of amorphous Si ͑a-Si͒, which suggests that control of strain distributions can modify the joint density of states and resultant optical absorption. In this article, we discuss the first-principles prediction of enhanced Si optical absorption in the presence of native defects in which local strain fields are further modified by applied biaxial strain. In particular, we present calculated optical spectra for the absorption coefficient, ␣͑͒, for previously-identified fourfoldcoordinated ͑FC͒ defect clusters composed of four vacancies ͑V 4 ͒ and four interstitials ͑I 4 ͒ and show how applied biaxial strain further modifies optical absorption relative to c-Si. In addition, we use local density of states ͑LDOS͒ calculations to indicate the qualitative relationship between structural strain and the electronic structure governing optical transitions.
The atomic configurations, electronic structures, and optical spectra reported herein were calculated using a planewave pseudopotential method within the generalized gradient approximation of Perdew and Wang ͑GGA-PW91͒ ͑Ref. 13͒ to density-functional theory ͑DFT͒, 14 as implemented in the Vienna ab-initio simulation package. 15 The projector-augmented wave method 16 was used to describe the interaction between ion cores and valence electrons. Kinetic energy cut-offs of 250 and 300 eV were used on the planewave basis set during ionic relaxation and for electronic calculations, respectively. Brillouin zone sampling was accomplished during ionic relaxation using one k-point ͑⌫͒ until residual forces had converged within 5 ϫ 10 −2 eV/Å tolerance. The k-point sampling scheme was increased to a 3 ϫ 3 ϫ 3 Monkhorst-Pack mesh for electronic and optical calculations on the optimized structures. Transition energies were sampled up to 20 eV using 750 conduction bands and the OPTICS code of Furthmüller 17 was employed to compute the real ͑ 1 ͒ and imaginary ͑ 2 ͒ parts of the frequencydependent dielectric function, ͑͒. We performed preliminary calculations to ensure convergence of both the optical spectra and lowfrequency dielectric constant ͑ o ͒ as a function of conduction bands. The absorption coefficient was subsequently computed from ͑͒ as
where E represents photon energy and ប represents the reduced Planck's constant. We describe this optical calculation methodology based on the independent-particle approximation in more detail in our previous work.
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The density-functional theory-generalized gradient approximation ͑DFT-GGA͒ approach employed here characteristically underestimates E g , but the resulting qualitative trends are considered reliable. Numerous correction methods exist to address the electronic structure deficiencies of DFT, but each method necessitates additional trade-offs. Hybrid functionals use a mixture of Hartree-Fock ͑HF͒ exchange-correlation with local or semilocal density functionals ͑GGA͒ to improve E g representations, but HF evaluation in periodic systems can be computationally expensive and the ratio of HF/DFT representation is an additional variable. 20 The quasiparticle GW method ͑G represents Green function, W represents a screened Coulomb potential͒ demands significantly more computational expense because the solution of single-particle Kohn-Sham equations in DFT is supplanted by calculation of both the dielectric function and single-particle Green function via rigorous solution of the Dyson equation. 21 Application of either correction method here would be cost-prohibitive because of the large supercells required to represent defect clusters. Despite acknowledged deficiencies, DFT calculations using local or semilocal density functionals have been used extensively in qualitative descriptions of electrical, optical, and magnetic properties in diverse material systems. [22] [23] [24] [25] [26] A DFT-optimized lattice constant ͑a Si ͒ of 5.457 Å along ͗100͘ was used to construct the strain-free Si supercell. Using linear elastic theory, 27, 28 we implement uniform biaxial strain in 480-atom basis supercells through dimensional control by determining the re-lationship between out-of-plane and in-plane strain using tabulated elastic stiffness constants ͑C ij ͒: Fig. 1 shows the biaxial strain scheme with crystallographic reference. Using * = 0.771, ʈ = ͑a ʈ − a Si ͒/a Si , and Ќ = ͑a Ќ − a Si ͒/a Si , we calculated values of out-ofplane a Si ͑a Ќ ͒ for each independent value of in-plane a Si ͑a ʈ ͒ to appropriately scale additional supercell dimensions representing Ϯ3% biaxial strain. We numerically verified that minimum energy supercell dimensions occur as * converges to the theoretical value of 0.771.
Conditions of Ϯ3% strain ͑tensile is positive͒ were chosen to best illustrate our results ͑Ϯ1, Ϯ2, and Ϯ4% strain were also studied͒. We investigated Si biaxial strain within the range of Ϯ4% strain because 4% tensile strain is the limiting case of epitaxial Si grown on pure Ge. 30 Compressive biaxial films could be realized on alloy substrates ͑Si 1−x C x ͒ of the diamond structure. Therefore, while Ϯ3% strain conditions are large in high-density microelectronic integration ͑typical magnitudes are ͉͉ Ͻ 1%͒, 31 these magnitudes are feasible in the laboratory. There is currently little precedence for strained c-Si in solar cells; however, strain engineering could be applied to photovoltaics. As in microelectronic fabrication, strategic material selection, such as the metal backplane in a conventional solar cell, or engineered process conditions, such as annealing treatments, could be used to implement strain in thin film c-Si absorption layers.
Improved descriptions [32] [33] [34] of the aggregation and behavior of Si point defects following ion implantation were fueled by the development of microelectronic fabrication process simulators. Previous theoretical works by Makhov and Lewis 35 ͑V 4 ͒ and Arai et al. 36 ͑I 4 ͒ proposed the importance of FC configurations for specific cluster sizes ͑n͒. The recent endeavors of Lee and co-workers 37, 38 generalize the significance of FC Si native defect clusters by detailing their thermodynamic favorability through application of an integrated atomistic modeling procedure for small n ͑V n , n ഛ 48; I n , n ഛ 16͒. Our recent work 30, 39 describes the influence of uniform strain fields on the stability, structure, and orientation of these same clusters. We use the V 4 and I 4 clusters in this article to represent general FC cluster behavior. Based on our previous work, 30, 38 only neutral-state clusters were considered because FC configurations are unlikely to ionize under intrinsic conditions. The embedded configurations of V 4 and I 4 are illustrated in Fig. 1a and b, respectively. For each structure, the atom representing the highest strain energy ͑degen-eracy creates additional candidates͒, as calculated using a Keatingtype parameterization of the Si network, 30 is annotated for discussion. Figure 2 shows the ␣͑͒ spectra for c-Si, V 4 , and I 4 subjected to various biaxial strain conditions. Note that the absorption edge in the ␣͑͒ plots is modified from the fundamental E g in two ways: ͑1͒ the indirect nature of Si precludes significant optical transitions from occurring at the 1.11 eV bandgap, so the main transitions begin at higher energies where the first direct transitions are possible, 1 and ͑2͒ DFT E g underestimation tends to reduce calculated direct transition energies. In Fig. 2a , it is apparent that biaxial strain of either sign redshifts the onset of absorption ͑E 0 transition͒, 1 where the greater absorption enhancement is seen for the tensile case. We observed similar behavior at other strain magnitudes ͑Ϯ1, Ϯ2, and Ϯ4%͒ and verified that the magnitude of redshift ͑enhancement͒ in absorption onset correlates with the applied strain magnitude. In Fig.  2b and c, the inception of low-energy optical absorption is redshifted by nearly 2 eV in the presence of either FC cluster embedded in strain-free Si. In Fig. 2b , incipient absorption for strain-free V 4 occurs at 0.48 eV, which reduces to 0.23 ͑0.17͒ eV under 3% tensile ͑compressive͒ biaxial strain. Similarly, in Fig. 2c , incipient absorption for strain-free I 4 occurs at 0.55 eV, which reduces to 0.37 ͑0.10͒ eV under 3% compressive ͑tensile͒ biaxial strain. Note that the observed optical response is complementary with respect to the structural strain configuration: V 4 imparts a tensile local strain field on the lattice and is consequently stabilized by applied compression; likewise, I 4 imparts a compressive local strain field on the lattice and is consequently stabilized by applied tension. These results suggest that characteristic optical absorption in c-Si can be modified through manipulation of the comprehensive strain field profile.
To better understand the complementary behavior exhibited in optical absorption, we examined the LDOS of atoms selected through inspection of atomistic strain profiles. Searching for a po- tential structural connection to the observed absorption phenomena, we reviewed the LDOS character at the compressive and tensile extrema ͑atomic sites͒ for both clusters; however, a complementary LDOS relationship between dominant valence band ͑VB͒ and conduction band ͑CB͒ character was not readily apparent within the same structure. Instead, we proceeded to analyze the effect of variable applied strain conditions on the atomic site representing the highest strain energy in each structure. These results are collectively presented in Fig. 3 for each case. The complementary LDOS behavior originally anticipated is present when the V 4 LDOS at atom ␤ is compared to the I 4 LDOS at atom ␥. Consistent with the results of Pan et al., 12 increased CB character is observed with the longer bonds associated with the locally-tensile strain field around V 4 , while increased VB character is observed with the shorter bonds associated with the locally-compressive strain field around I 4 . Furthermore, evaluation of the LDOS dependence on applied strain reveals that the primary reason for increased optical absorption in each case is an effectively shrinking E g that correlates with observed redshifting in ␣͑͒. For V 4 , we also observe a prominent distribution of IB states, which can be manipulated by strain, that can reduce the minimum energy required to absorb an incident photon and lower the effective E g similar to studies of IB solar cell materials that rely on transition metal doping. 4, 5 In both V 4 cases ͑ = −3 and 0%͒ containing the IB peak, the Fermi level is also located at the IB peak, which suggests partial band occupation that satisfies one requirement for multistage photon absorption. 4 With this multigap perspective, the smallest E g gating V 4 absorption among the three strain cases is observed under compressive strain Figure 2 . ͑Color online͒ Absorption coefficient spectra from DFT-GGA calculations for ͑a͒ c-Si, ͑b͒ V 4 , and ͑c͒ I 4 structures using 480-atom supercells under various biaxial strain conditions. In each plot, the gray-filled region represents the reference ␣͑͒ for the strain-free structure. between the VB and prominent IB peak, while the smallest E g in both the c-Si and I 4 cases occurs under tensile conditions. In summary, our DFT calculations predict optical absorption enhancement ͑redshift͒ in c-Si in the presence of either vacancy ͑V 4 ͒ or interstitial ͑I 4 ͒ FC clusters that can be further enhanced by biaxial strain. Although applied strain improves absorption in all cases studied ͑ = −3, 0, and 3%͒, compressive strain exhibits the largest enhancement on V 4 , while tensile strain exhibits the largest enhancement on I 4 . LDOS examination of the most-strained atom in each structure reveals that the primary reason for increased absorption correlates with a decreased bandgap, including an IB for V 4 under certain strain conditions.
